Pedicle screw fixation after interbody fusion has traditionally been performed bilaterally, but some authors have recently showed that unilateral pedicle screw fixation is as effective for spinal fusion as bilateral pedicle screw fixation and that it has a lower operating time and a shorter length of hospital stay. 8, 12 Previous studies performing TLIF have also showed good and similar clinical outcomes and fusion rates between unilateral and bilateral pedicle screw after TLIF. 8, 26, 27 However, all previous studies have used a conventional pedicle screw system or mini-open TLIF instead of a percutaneous pedicle screw and MIS TLIF with a tubular retractor. 8, 26, 27 The purpose of this prospective randomized study was to compare the clinical outcomes, perioperative results, and radiological results of unilateral and bilateral percutaneous pedicle screw fixation after MIS TLIF 2 years after surgical treatment. This is the first prospective comparative study of unilateral and bilateral percutaneous pedicle screw fixation after MIS TLIF with a tubular retractor.
Methods
We enrolled 54 consecutive patients who underwent MIS TLIF with a tubular retractor between January 2008 and January 2010. Patients were randomly divided into 2 groups: Group 1 underwent unilateral percutaneous pedicle screw fixation (n = 26), and Group 2 underwent bilateral percutaneous pedicle screw fixation (n = 28). All 26 patients in Group 1 were included in the analysis and only 27 patients in Group 2 were included in the analysis because 1 patient was lost to follow-up. Indications for surgical treatment were far-lateral disc herniation, spinal stenosis, degenerative spondylolisthesis, spondylolytic spondylolisthesis, and recurrent disc herniation confirmed by CT and MRI. In all patients, nonoperative treatment of at least 6 months' duration before surgery had failed, and all patients were operated on by a single surgeon (J.Y.P.). This project was approved by the Institutional Review Board of Gangnam Severance Hospital at Yonsei University College of Medicine, and patient consent to participate in the randomized trial was obtained.
Operative Techniques
The MIS TLIF procedure 14 was performed on the side that was more symptomatic. The operation was performed under general anesthesia with a C-arm image intensifier for the entry point. C-arm guidance was used to determine the operative level and to mark the line in the fluoroscopic AP view (Fig. 1 left) and lateral view ( Fig.  1 right) for insertion of the tubular retractor. After vertical skin incision (length 25 mm), a tubular retractor (diameter 22 mm; MetRx, Medtronic Sofamor Danek) was introduced under fluoroscopic guidance to the facet. Monopolar cautery and pituitary forceps were used to expose the facet complex, and total facetectomy was performed with a high-speed drill and osteotome. After complete facetectomy, the ligamentum flavum was removed to expose the lateral border of the ipsilateral nerve root. For decompression of the contralateral side, the tubular retractor was angled medially and the patient was tilted laterally. Extensive decompression was then performed, including decompression of central stenosis and the contralateral side.
Discectomy was performed and a single long polyetheretherketone, or PEEK, interbody bullet-shaped cage (Capstone, Medtronic Sofamor Danek) filled with only autologous local bone was inserted. Posterolateral fusion was not done because of the small surgical field of the tubular retractor (diameter 22 mm). After interbody fusion, the tubular retractor was removed, and an ipsilateral percutaneous pedicle screw system (Sextant, Medtronic Sofamor Danek) was inserted through the same trajectory for Group 1 (Fig. 2) . For Group 2, a contralateral percutaneous pedicle screw system was also placed through the mirror incision under fluoroscopic guidance (Fig. 3) .
Perioperative, Clinical, and Radiological Assessments
Perioperative outcomes included the operative time and blood loss during the operation. Clinical outcomes were assessed with the ODI and VAS before surgery and at 7 days; 1, 3, and 7 months; and 1 and 2 years after surgical treatment. Patients underwent MRI, CT scanning, and radiography before surgery, as well as serial radiography at 1 month, 7 months, 1 year, and 2 years after surgical treatment. Radiological outcomes regarding fusion were determined by an independent neurosurgeon and an independent neuroradiologist, who were blinded to the treatment details. Fusion rates were assessed with the Bridwell grading system, and CT and radiographic findings were assessed 2 years after surgical treatment ( Table  1 ). The Bridwell system is composed of the following categories and grades: fused with remodeling and trabeculae present (Grade I); graft intact, not fully remodeled and incorporated, but no lucency present (Grade II); graft intact, potential lucency present at top and bottom of graft (Grade III); and fusion absent with collapse/resorption of the graft (Grade IV). All analyses were performed with SPSS version 12.0 (SPSS, Inc.). Demographic data and radiological results were assessed with Fisher exact tests and McNemar tests. Clinical and perioperative results were compared between groups with Mann-Whitney U-tests, and ANOVA was performed within each group to compare the results before and after treatment. Correlation test with all parameters was used to determine correlation factors with postoperative scoliotic change. Statistical significance was set at p < 0.05.
Results
The mean follow-up period was 28.20 months, and patients' mean age was 54.83 years ( According to perioperative assessments, the operative time was significantly shorter for Group 1 (84.23 minutes) than for Group 2 (137.59 minutes; p < 0.01), and the mean blood loss was lower for Group 1 (92.69 ml) than for Group 2 (232.04 ml, p < 0.01; Table 1 ). Regarding clinical outcomes, the ODI score significantly improved Photograph showing an ipsilateral wound for the tubular retractor and the ipsilateral percutaneous pedicle screw system, the mirror wound for the contralateral percutaneous pedicle screw system, and an upper wound for rod insertion.
at 1 year after operation in both groups (from 27.8 to 6.6 for Group 1, and from 27.9 to 9.5 for Group 2, p < 0.05). Each group had improved significantly at 1 year and 2 years after surgery compared with the preoperative state, but there were no differences between groups (Fig. 4) . The mean VAS score for back pain significantly improved at 2 years after operation (from 7.6 to 1.8 for Group 1, and from 7.7 to 1.8 for Group 2, p < 0.01), and the mean VAS score for leg pain also improved significantly (from 7.5 to 1.7 for Group 1, and from 7.5 to 1.8 for Group 2, p < 0.01), but there were no significant differences between groups.
Radiological outcomes were assessed according to the Bridwell grading system. Fusion grades in Group 1 were Grade I in 65.4% (n = 17), Grade II in 19.2% (n = 5), Grade III in 3.8% (n = 1), and Grade IV in 11.5% (n = 3) of patients; in Group 2, fusion grades were Grade I in 92.6% (n = 25), Grade II in 3.7% (n = 1), Grade III in 3.7% (n = 1), and Grade IV in 0% of patients (Fig. 5) . Since fusion is defined as Grade I or II, Group 1 had a fusion rate of 84.6% (n = 22) and Group 2 had a fusion rate of 96.3% (n = 26). Fusion rates were significantly different between groups (p < 0.01; Table 1 ). To evaluate scoliosis, we measured the Cobb angle between the L-1 upper endplate to the L-5 lower endplate and defined scoliotic change as more than a 5° change in Cobb angle from preoperative state (Fig. 6) . In Group 1, scoliotic change occurred in 23.1% (n = 6), and the mean Cobb angle in these 6 patients changed from 3.2° to 9.8°; in Group 2, scoliotic change occurred in 3.7% (n = 1), and the Cobb angle in this patient changed from 9° to 15°. The change in Cobb angle was not reported for the remaining 46 patients because change was less than 5°. There was a significant difference between groups only in scoliotic change rate (p < 0.05; Table 1 ). Postoperative scoliotic change only occurred in the lumbar spine, and all changes showed convexity on operation side (Fig. 6) .
Among all 53 patients, there were 3 cases of complications associated with the operation and 2 cases of revision surgery (Table 1) . In Group 1, one patient experienced migration of the interbody cage toward the spinal canal, so the cage was removed and a new cage was inserted again with the conventional technique for bilateral pedicle screw fixation (Fig. 7) . For another patient in Group 1, the cage moved only slightly toward the spinal canal, so reoperation was not required. In Group 2, one patient underwent revision surgery due to upper segment disc herniation.
Discussion
The choice between unilateral or bilateral pedicle screw fixation after lumbar fusion remains controversial. After Goel et al. 9 first reported the benefits of unilateral pedicle screw fixation, several clinical trials have found that unilateral pedicle screw fixation is as effective as bilateral pedicle screw fixation in lumbar spinal fusion. 4, 11, 25 In contrast to posterolateral fusion, TLIF requires unilateral total facetectomy, so iatrogenic instability is a possibility and additional pedicle screw fixation is essential. 14, 21, 24 Previous biomechanical studies have reported that unilateral pedicle screw fixation is inferior to bilateral pedicle screw fixation, and they have recommended the use of bilateral pedicle screw fixation or unilateral pedicle screw fixation with a contralateral facet screw after TLIF. 12, 21, 24, 28 Despite data suggesting the inferiority of unilateral pedicle screw fixation after TLIF in biomechanical studies, many clinical trials have reported good results of unilateral pedicle screw fixation after TLIF. 8, 26, 27 The main function of the pedicle screw is to stabilize the spine to promote fusion, so the fusion rate is the most important outcome to consider. Although Deutsch et al. and Tuttle et al. reported good results of unilateral pedicle screw fixation after TLIF, they only assessed the results during a short-term follow-up (less than 1 year), so they did not report the exact fusion rate.
8, 26 Suk et al. found a lower fusion rate for unilateral pedicle screw fixation than bilateral pedicle screw fixation (91.5% vs 97.5%, respectively) after posterolateral fusion. 25 Xue et al. also reported a lower fusion rate for unilateral pedicle screw fixation (91.9% vs 93.0%), although this difference was not statistically significant. 27 Aoki et al. reported the possibility of cage migration after unilateral pedicle screw fixation with TLIF.
1 However, all of these studies assessed a conventional pedicle screw system with mini-open TLIF instead of a percutaneous pedicle screw and MIS TLIF with a tubular retractor. 8, 26, 27 To our knowledge, our study is the first prospective comparison of unilateral and bilateral percutaneous pedicle screw fixation after MIS TLIF with a tubular retractor. The purpose of this prospective randomized study was to compare the clinical outcomes, perioperative results, and radiological results 2 years after surgical treatment.
We found that unilateral percutaneous pedicle screw fixation after MIS TLIF led to less blood loss and a shorter operative time than bilateral percutaneous pedicle screw fixation. Consistent with previous studies, 8, 26 ,27 the 2 techniques led to similar clinical outcomes. However, we also found that unilateral percutaneous pedicle screw fixation was associated with a lower fusion rate than bilateral percutaneous pedicle screw fixation (unilateral 82.6%, bilateral 95.7%). Our fusion rate for unilateral pedicle screw fixation is lower than that reported by Xue et al. (90.6% vs 91.9%, respectively). 27 However, they performed miniopen TLIF with a cage located in the anterior disc space; we used a single oblique cage because the cage used by Xue et al. is not appropriate for MIS TLIF with a tubular retractor (Fig. 6D) . 14, 27 This difference in cage location and shape may explain the differences between studies in fusion rate.
From the serial radiographic follow-up, we found that postoperative scoliotic change was more common after unilateral screw fixation than bilateral screw fixation (unilateral 6 cases, bilateral 1 case). Generally, scoliosis is defined as a Cobb angle more than 10°, but we observed less than 10° in almost all patients during follow-up; this is not real scoliosis, and these patients did not have any clinical symptoms associated with scoliotic change. Because this change is not real scoliosis and this result may be only a radiological finding, we defined scoliotic change as more than a 5° change in Cobb angle from preoperative state (Fig. 6) . In these cases, the cage was usually located on the contralateral side of the pedicle screw (Fig. 6D) . After pedicle screw insertion, the surgeon usually compressed the pedicle screw to prevent cage migration and to enhance interbody fusion. If the cage is not located in the center of the disc space, compression forces can change the geometry of the spine and can lead to postoperative scoliotic change. Biomechanical studies have shown that unilateral screw fixation leads to a lower fixation strength and reduced stability, especially in resisting lateral bending and axial rotation, than bilateral screw fixation. 24, 28 However, these studies were performed with a conventional pedicle screw system instead of a percutaneous pedicle screw. To determine the exact mechanism of postoperative scoliosis after unilateral percutaneous pedicle screw fixation, we will need to conduct further biomechanical studies of cage location and pedicle screw compression force with the percutaneous technique. Nonetheless, it should be noted that the patients with postoperative scoliosis in our study had a similar clinical result and fusion rate as the patients without scoliosis.
In our series, postoperative cage migration occurred only in the unilateral percutaneous pedicle screw group. In a previous in vitro biomechanical study, TLIF showed less stability during lateral bending, flexion, and extension than posterior lumbar interbody fusion. 13 Recent studies also reported that TLIF with unilateral pedicle screw fixation showed less stability than TLIF with bilateral screws, particularly on lateral bending and contralateral rotation. 1, 5, 21 Aoki et al. have reported that cage migration occurred frequently in cases involving unilateral pedicle screw fixation and a diagonal single cage, and they recommended bilateral screw fixation with a dual cage for a preoperatively highly unstable segment. 1 In all cases of our series we used a diagonal bullet-shaped cage with asymmetrical positioning (Fig. 6D) for both unilateral and bilateral pedicle screw groups, and cage migration only occurred in the unilateral pedicle screw fixation group. Recent studies have also reported that range of motion and stress increased when TLIF was done with asymmetrical positioning of a diagonal cage plus unilateral pedicle screw fixation than with symmetrical positioning of the cage during contralateral axial rotation and lateral bending. [4] [5] [6] Biomechanical weakness and less stability on TLIF itself, unilateral pedicle screw fixation, and asymmetrical positioning of a cage can be causes of postoperative scoliotic change, cage migration, and lower fusion rate of unilateral screw fixation after MIS TLIF.
Our study has some limitations. The study popula- tion had various heterogeneities in diagnosis, age, sex, follow-up period, and operative segment; the heterogeneity of study groups can affect the postoperative scoliotic change. To overcome this weakness, we did the correlation test between all parameters with postoperative scoliotic change; no parameters were associated with postoperative scoliotic change except operation methods (Spearman r s = -0.286, p = 0.039). In addition, there was a small number of cases in each group and the follow-up period of 2 years was relatively short. Future studies with longer follow-up and large study populations are needed to determine the clinical significance of scoliotic change after unilateral percutaneous pedicle screw fixation with MIS TLIF.
Conclusions
Unilateral and bilateral percutaneous screw fixation after MIS TLIF produced similar clinical results. Lower fusion rates with unilateral screw fixation rather than bilateral screw fixation were not associated with better clinical outcomes. Although perioperative results were better with unilateral screw fixation and both groups had similar clinical outcomes, the results for fusion rates and postoperative scoliotic change were better with bilateral screw fixation. If considering long-term results, we suggest that bilateral screw fixation is a better choice than unilateral screw fixation after MIS TLIF.
